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A B S T R A C T
Anthropogenic habitats may function as a refuge for some species, including freshwater mussels (Bivalvia,
Unionida). In this study we assessed possible differences in density, size and condition index of the Moroccan
freshwater pearl mussel Pseudunio marocanus (Pallary, 1918), formerly Margaritifera marocana, colonizing an-
thropogenic (sāqya= irrigation canal) and natural (Bouhlou River) habitats in Morocco. Results showed that the
individuals colonizing the irrigation canal located on the left bank have a significantly higher density and
condition index when compared to natural conditions, but no differences were found regarding size. Since this
species is listed as critically endangered by the IUCN, being also considered among the 100 most endangered
organisms in the planet, the presence of P. marocanus in anthropogenic habitats has high conservation im-
portance. In fact, and despite no Moroccan freshwater pearl mussels were found on the irrigation canal located in
the right bank, the one located on the left bank present stable conditions for the settlement of juveniles and, if
managed carefully, for the future survival of the species. However, local authorities reported frequent dredging
and cleaning activities by local farmers on this sāqya without any special attention devoted to Moroccan
freshwater pearl mussels (or any other species) conservation. Therefore, the results reported here can be used by
scientists, managers, politicians and local people to promote future management actions that enhance the
Moroccan freshwater pearl mussel protection and guarantee their future survival, including on anthropogenic
habitats.
1. Introduction
Freshwater mussels (Bivalvia, Order Unionida) are highly threa-
tened animals with a very unusual life cycle that include fish as hosts
(Modesto et al., 2018). Threats to their survival include habitat loss and
fragmentation by the construction of dams (or other infrastructures),
pollution, overexploitation for shells and/or pearls, climate change
including intensification of extreme events such as droughts, and in-
troduction of non-native species affecting the mussels either directly or
indirectly (e.g. through impacts on fish hosts) (Lopes-Lima et al., 2018).
Although in the last two decades much more attention has been devoted
to these organisms (Lopes-Lima et al., 2014), basic taxonomic and
ecological information is still missing in some continents (e.g. Africa,
Asia, South America), which impairs freshwater mussels' conservation
(Ferreira-Rodríguez et al., 2019). One example of a species where
ecological information is clearly missing is the Moroccan freshwater
pearl mussel Pseudunio marocanus (Pallary, 1918), (=Margaritifera
marocana; Lopes-Lima et al., 2018). This bivalve can reach a maximum
size of 17 cm and has an extended life cycle of probably> 50 years
(Araujo et al., 2009). Pseudunio marocanus is an endemic species of
Morocco, being listed as critically endangered by the IUCN and con-
sidered one of the 100 world's most threatened species (Baillie and
Butcher, 2012). This freshwater mussel has high conservation im-
portance since it has a restricted distribution, very low abundance and
phylogenetic uniqueness since it is the single recognised Margaritifer-
idae species in Africa (Sousa et al., 2016; Lopes-Lima et al., 2018).
In September 2016, during a survey in Bouhlou River (Figs. 1 and
2a), we found Moroccan freshwater pearl mussels in an irrigation canal
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with< 1m width (Fig. 2b). Although earlier studies already reported
the presence of freshwater mussels in anthropogenic structures (e.g.
Painter, 1999; Clements et al., 2006; Gómez and Araujo, 2008; Negishi
and Kayaba, 2009; Negishi et al., 2011; Nakano et al., 2017; Sousa
et al., 2019), our finding was quite peculiar given the narrow width of
the canal and because it was fully made of concrete, including the
bottom. In addition, it was thought that P. marocanus had a very re-
stricted ecological niche, colonizing only rivers with moderate to high
current velocity and found preferentially in areas with coarse sediments
subjected to good environmental conditions and low human dis-
turbance (Araujo et al., 2009).
The importance of anthropogenic structures as habitat for fresh-
water organisms, including freshwater mussels, has been emphasized
recently. Irrigation and transport canals, agricultural wetlands and
ponds, rural and urban drainage ditches, rice fields, golf course lakes,
aquaculture and stormwater ponds, gravel pits, wastewater treatment
plants, among other man-made structures, may function as a refuge for
freshwater biodiversity and be responsible for important ecosystem
services (Herzon and Helenius, 2008; Brand and Snodgrass, 2010;
Murray and Hamilton, 2010; Casas et al., 2011; Chester and Robson,
2013; Halliday et al., 2015; Katayama et al., 2015). In arid and semi-
arid areas, such as many regions in North Africa, the presence of these
anthropogenic structures, mainly irrigation canals for agriculture, may
favour freshwater organisms, including molluscs (Chlyeh et al., 2006).
Given that the availability of surface water is a limiting resource in
Mediterranean freshwater ecosystems, refuge habitats, including an-
thropogenic structures, may become critical components of the land-
scape to conserve aquatic biodiversity (Halliday et al., 2015). This si-
tuation is even more critical in arid and semiarid regions where water is
under severe competition between multiple stakeholders, further ex-
acerbated by predicted scenarios of increasing occurrence and intensity
of extreme droughts and consequent reduction in streamflow and ha-
bitat availability for aquatic organisms (Beatty et al., 2017). Never-
theless, and although these anthropogenic structures mimic some of the
attributes of natural ecosystems, it should be kept in mind that their
potential conservation importance is a response to an increased human
disturbance in a landscape that now offers much less freshwater habitat
than it once did (Lundholm and Richardson, 2010; Chester and Robson,
2013).
Given the rarity of P. marocanus, in addition to the anthropogenic
nature of the irrigation canals (locally named sāqya) in Bouhlou River,
the aims of this study were to: i) assess possible differences in density,
size and condition index between freshwater pearl mussels present in
anthropogenic and natural habitats and ii) assess if these anthropogenic
habitats function as a refuge for pearl mussels. We hypothesize that a
higher density and physiological condition will be found in the natural
habitat given the much simpler structure and lower heterogeneity
found in anthropogenic habitats.
2. Material and methods
2.1. Study area
Since 2013, extensive surveys on all major Moroccan basins have
been conducted to increase information on distribution and diversity of
freshwater mussels (Froufe et al., 2016a, 2016b; Sousa et al., 2016,
2018; Gomes-dos-Santos et al., 2019). Of the>200 sites surveyed until
2018 just 14 contain live P. marocanus (restricted to the Oum Er Rbia
and Sebou basins) and only Laabid (Oum Er Rbia basin) and Bouhlou
(Sebou basin) Rivers still have stable populations with signs of recent
recruitment (Sousa et al., 2016, 2018).
This study was conducted in the Bouhlou River (Figs. 1 and 2) which
is a tributary of Abiod River and its basin is located in the Middle Atlas
(for a detail description see Sousa et al., 2018). The upper catchment is
protected as part of the Tazzekka National Park, which was created in
1950 and covering nowadays approximately 120 km2. The landscape
includes ecologically important areas such as forests of cork and holm
oaks and cedars, canyons and caves. The lower river section is un-
protected and the last 4 km of Bouhlou River cross an extensive agri-
culture area with some human disturbance including water abstraction,
discharge of domestic effluents and use of fertilizers and pesticides
(Sousa et al., 2018).
In the lower river section an extensive irrigation infrastructure is
present. This infrastructure comprises two main irrigation canals
branching in smaller ditches and is nowadays managed by a local as-
sociation and by the Regional Directorate of Agriculture. The con-
struction of these canals were associated to a national project that
aimed to enlarge the irrigation area (400 ha), being the right canal
constructed in 1967 and the left canal in 1992. The two main irrigation
canals have approximately 10 km in length (around 3 and 7 km in the
left and right bank canals, respectively), a width of approximately 1m,
and a depth of 20 cm during summer conditions. Both irrigation canals
were connected to the Bouhlou River by the presence of two small weirs
that diverted the water from the river to the sāqya. From these two
Fig. 1. Map showing the location of the irrigation canals in the downstream
area of the Bouhlou River (Morocco).
R. Sousa, et al. Biological Conservation 238 (2019) 108209
2
main irrigation concrete canals, small ditches with a muddy bottom
transport the water to the agricultural small parcels (i.e. a continuous
area of land cultivated by a single farmer family) located in areas ad-
jacent to the Bouhlou River. The main crops cultivated in the small
parcels are tomatoes, onions, potatoes, watermelon, melon and carrots.
It should be kept in mind that the small muddy ditches have no per-
manent water, being unsuitable for freshwater mussels' settlement, and
therefore not surveyed in this study.
2.2. Sampling and data analysis
Given the rarity of P. marocanus and the anthropogenic nature of the
habitat where some Moroccan freshwater pearl mussels were detected
in 2016, detailed studies were made in August 2018 to compare the
density, size and physiological condition of individuals colonizing these
irrigation canals and adjacent natural habitats in Bouhlou River. For
density, 60 random transects with 5 m2 (5m length and 1m width)
were completed: 20 transects in the irrigation canal of the left bank, 20
in the irrigation canal of the right bank and 20 in Bouhlou River
(Fig. 1). Transects in the irrigation canals were made at intervals of at
least 50 m and covering the entire length of these anthropogenic
structures. Transects in the natural habitat were taken at intervals of at
least 20m and always located parallel (and near) to the banks (the
preferred habitat and where abundance of P. marocanus reaches higher
values in Bouhlou River; see Sousa et al., 2018). Transects in the natural
habitat were performed in the last 3 km of the Bouhlou River, down-
stream the weir that diverted the water to the left canal. All pearl
mussels found in the transects were counted and returned to their ori-
ginal position.
A random sample of 32 and 51 individuals collected in the irrigation
canal of the left bank and in the adjacent Bouhlou River, respectively,
were used to assess their condition index. These pearl mussels were
measured (length, width and height) and their wet weight determined
using a scale. The wet weight was recorded after blotting dry in paper
to remove surface water in each specimen. After these measurements,
all individuals were returned to their position in the irrigation canal or
river. The biometric data was then used to determine the non-lethal
condition index in both habitats. The condition index was calculated






[Shell length] [Shell heigth] [Shell width]
This condition index was chosen in order to minimize possible stress
to the animals.
Finally, in each of the three habitats, temperature, conductivity,
dissolved oxygen and pH were measured (five replicates randomly
taken in each habitat) using a YSI EXO 2 multi-parameter probe.
Differences in average density of Moroccan freshwater pearl mussels
between anthropogenic and natural habitat were assessed by the non-
parametric Kruskall-Wallis test since data depart from normality even
after several transformations. Differences in average size and condition
index between Moroccan freshwater pearl mussels found in the left
canal and natural habitat were assessed by a t-test. All tests were pre-
ceded by the Shapiro–Wilk test to check if the residuals of the models
had a Gaussian distribution, and the Fligner test to check for homo-
scedasticity (Zar, 2009). All statistical tests were performed with R.
3. Results
Abiotic conditions measured in the two irrigation canals and in the
Bouhlou River were very similar (Table 1).
We found an average (± sd) density of 2.5 (± 3.2) ind. 5m−2 in
the left canal and 0.6 (± 1.4) ind./5 m2 in Bouhlou River, but no
mussels were found in the right canal (Fig. 3a). Significant differences
were detected regarding the density in the left canal and the natural
habitat (H=26.37; P < 0.01). In the left canal most of pearl mussels
were partially buried (Fig. 2c), but several individuals were found lying
on their sides in an unnatural position (Fig. 2d). On the contrary, in the
natural habitat all mussels were found partially buried in their normal
Fig. 2. A – View of the downstream area of the Bouhlou River valley (Morocco); B - Irrigation canal located in the left bank of Bouhlou River; C - Partially buried
Pseudunio marocanus with a high number of gastropods and Corbicula fluminea shells; D – Unburied Pseudunio marocanus with a high number of gastropods and
Corbicula fluminea shells.
R. Sousa, et al. Biological Conservation 238 (2019) 108209
3
upright position. The left canal and Bouhlou River were also colonized
by other mussel species with high conservation value such as Potomida
littoralis (Cuvier, 1798) and Unio foucauldianus Pallary, 1936. The in-
vasive clam Corbicula fluminea (Müller, 1774), gastropods and fish,
including Salaria sp., were also found in both irrigation canals and in
Bouhlou River.
Mussel size ranged between 55 and 116.0mm (average ±
sd= 99.0 ± 13.4 mm) in the left canal and between 46 and 131mm
(average ± sd= 93.6 ± 21.9 mm) in the natural habitat (Fig. 3b). No
differences were found in the average size of the pearl mussels colo-
nizing both habitats (t-test = 1.26; P=0.21).
The condition index of the mussels in the left canal is significantly
higher than the ones found in the natural habitat (t-test= 2.91;
P < 0.01) with an average (± sd) of 6.35 (± 0.48) and 5.84 (± 0.90)
in the left canal and Bouhlou River, respectively (Fig. 3c).
4. Discussion
In this study, we clearly show that irrigation canals may function as
a stable habitat for one of the rarest freshwater species in the world. In
fact, and contrary to our expectations, comparing Moroccan freshwater
pearl mussels in the irrigation canal of the left bank with individuals
subjected to natural conditions in the Bouhlou River we found that
density and physiological condition were significantly higher in the
anthropogenic habitat. No differences were observed regarding size.
Although it was not possible to determine when and how the
Moroccan freshwater pearl mussels made their way to the left canal, we
suspect that they were dispersed from the Bouhlou River by previously
infested fish hosts or in alternative juveniles and/or adults were moved
during floods. One way or the other, all freshwater bivalve species from
the Bouhlou River (i.e. P. marocanus, U. foucauldianus, P. littoralis and
the invasive C. fluminea) were also found in the left canal, and this
demonstrates the potential high connectivity between both habitats.
The importance of connectivity in irrigation canals have been also de-
scribed for amphibians and fish (e.g. Katano et al., 2003; Wassens et al.,
2008; Katayama et al., 2011). In the same vein, and given the large size
of many Moroccan freshwater pearl mussels and that the left canal was
functional since 1992, we also suspect that the colonization was made
soon after the construction.
Density and the condition index of Moroccan freshwater pearl
mussels in the left canal were higher than in the natural habitat. This
situation is probably related to the similar abiotic features (including
sediment characteristics in most part of its length) in both habitats. In
fact, and although the irrigation canals were made of concrete, the left
canal present sediment, including boulders, cobbles, gravel, and sand.
Benthic species respond positively to more natural and more spatially
complex substrates (Katano et al., 2003; Hamasaki et al., 2009; Gómez
and Araujo, 2008; Garcia-Gonzalez and Garcia-Vazquez, 2011;
Katayama et al., 2011; Sousa et al., 2019) and this was an important
feature that possibly enhances the settlement and survival of P. mar-
ocanus. In addition, the anthropogenic habitats possibly present more
stable conditions as a result of more constant water levels and current
velocity along the year. Although not assessed in this study, we suspect
that the natural habitat is much more influenced by typical seasonal
fluctuations in river flow (i.e. very low during summer/early autumn
and very high during winter, with possible occurrence of flash floods).
Possibly, and given the nature of the irrigation canals, these flow
fluctuations are much lower in the anthropogenic habitats and this
contributes to a higher density and condition index. These stable con-
ditions may also be responsible for a good settlement of juveniles in this
canal. Freshwater mussels, including the sister species Pseudunio aur-
icularius (=Margaritifera auricularia), are strongly dependent upon
continuous water flow for food, reproduction and attraction of fish
hosts (Araujo and Álvarez-Cobelas, 2016).
In the literature there is a much higher number of studies dealing
with standing than running-water anthropogenic habitats. This bias
may give the impression that standing-water organisms, in comparison
to animals and plants of running-waters, are in advantage when colo-
nizing anthropogenic habitats (Chester and Robson, 2013). In our
study, this seems not to be the case since the left canal provides con-
ditions for the establishment of running-water species such as P. mar-
ocanus. These running-water, but stable, conditions are permanently
met in the Bouhlou irrigation canals, which possibly give an advantage
(as reflected by their higher density and condition index) to the Mor-
occan freshwater pearl mussels in these anthropogenic habitats. Other
environmental factors, such as higher availability of food and/or higher
probability of infesting fish hosts (given the differences in water volume
in both habitats), may be different in the left canal in comparison to
adjacent natural conditions. The possible role of these (or other) en-
vironmental factors explaining the differences detected in both habitats
remain speculative and only future studies can give a more precise
answer. In addition, we do not have a definitive answer for the lack of
Table 1
Average (± sd) abiotic conditions measured in the three habitats during
August 2018.
Left canal Right canal River
Temperature (°C) 23.0 (± 0.4) 22.9 (± 0.3) 22.1 (± 0.3)
Conductivity (μS/cm) 526 (±10) 527 (± 8) 530 (± 9)
Oxygen (mg/l) 7.1 (± 0.4) 7.1 (± 0.3) 7.2 (± 0.3)
pH 8.3 (± 0.1) 8.4 (± 0.1) 8.4 (± 0.1)
Fig. 3. A - Density (ind./5m2) of P. marocanus individuals collected in the irrigation canals and in Bouhlou River; B - Length of P. marocanus individuals collected in
the left irrigation canal (N=32) and in Bouhlou River (N=51); C - Condition index of P. marocanus individuals collected in the left irrigation canal (N=32) and in
Bouhlou River (N=51). Boxplots show median values (central line), the range from the 25th to 75th percentile (box), the largest and lowest value within 1.5 times
interquartile range below and above the 25th and 75th percentile (whiskers) and extreme values (dots).
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Moroccan freshwater pearl mussels (and other freshwater mussels) in
the older irrigation canal located in the right bank because the physical
structure of the canal is very similar and the water also comes from the
Bouhlou River. However, recent dredging and clean activities (see
below) in this canal may be the most plausible explanation for the lack
of freshwater mussels.
In natural habitats the main threats to P. marocanus include habitat
loss and fragmentation, water abstraction and pollution, being water
shortage possibly the main factor responsible for local extirpations
(Sousa et al., 2016). Therefore, and if these irrigation canals maintain
the necessary quantity and quality of water they may function as refuge
for P. marocanus (and other species) and have a high conservation
value. Indeed, the importance of canals as refuge for the European giant
freshwater pearl mussel have been pointed out earlier (Araujo and
Ramos, 2000; Gómez and Araujo, 2008). Nevertheless, a great differ-
ence exists between these earlier examples and the one reported here.
While P. auricularius was found in an old naturalized large canal (total
length of 115 km with a width of 10m in the most part and a depth of
3.5 m when it is full) with sediment (Araujo and Ramos, 2000; Gómez
and Araujo, 2008), in the present case the irrigation canal was con-
structed recently, is very narrow and is totally made of concrete, with a
20 cm depth during summer conditions.
The survival of threatened species in highly disturbed areas or even
in anthropogenic infrastructures is always a surprising result
(Gutiérrez-Expósito et al., 2019). However, in the last years a high
number of studies in freshwater ecosystems have shown that anthro-
pogenic habitats may have high conservational importance. For ex-
ample, Casas et al. (2011) clearly showed that the Iberian toothcarp
Aphanius iberus have higher density, larger individual size, greater
survival and reproduction in irrigation ponds (but not in irrigation
canals) in comparison to natural habitats under legal protection. Al-
though not comparing with natural ecosystems, Watson and Ormerod
(2004) also showed that drainage channels (=ditches) function as
suitable habitat for three freshwater gastropods in the United Kingdom:
Segmentina nitida, Anisus vorticulus and Valvata macrostoma. In Maryland
USA, amphibians were found to be reproducing only in anthropogenic
wetlands (Brand and Snodgrass, 2010) and in southern England ditches
were found to harbour uncommon species and artificial ponds sup-
ported many rare species and had high regional biodiversity compared
with natural habitats (Williams et al., 2003). Many other examples,
including on birds, mammals, amphibians and several species of in-
vertebrates showed the importance of aquatic anthropogenic habitats
(summarized in Chester and Robson, 2013).
Considering the role of irrigation canals conserving freshwater
mussels one should also evaluate the possibility of these infrastructures
function as an ecological trap (decreasing fitness or even survival due to
enhanced predation or competition, transmission of diseases or para-
sites, and periodic dredging and/or draining) (see for example Sousa
et al., 2019). Although this possibility cannot be discarded, given the
great longevity of these mussels (probably> 50 years), the higher
density and condition index and the confirmed presence of juveniles,
we suspect that these anthropogenic structures have stable conditions
(and enough food) for P. marocanus (but see below discussion about the
right canal) almost since their construction. In addition, the canals may
also increase the chance of finding their fish hosts given the low volume
of water and thus enhancing their recruitment.
From a conservation perspective, and given the high number of
mussels found (i.e., around 1500 individuals extrapolating the average
density to the overall length of the left canal), it will be important to
maintain and manage these structures to retain stable water levels and
sediment characteristics. Human activities (dredging and/or draining
operations, among others) need to minimize any disturbance because,
and according to local authorities, periodic dredging of the canals are
made without any special attention devoted to freshwater mussels. In
fact, in the irrigation canal located in the right bank we found no
mussels and almost no sediment and this is probably a reflection of
recent dredging operations. Given this background, future management
measures to conserve this species in Morocco should encompass the
maintenance of stable water levels and good water quality in the left
canal, maintenance of the connectivity between the Bouhlou River and
the irrigation canals, the sediment clearing in irrigation canals should
be kept to a minimum and mitigate possible disturbance due to dred-
ging activities. Local authorities may also use the irrigation canals as a
sanctuary to protect mussels and for possible re-introduction in the
natural environment. In addition, and given that the fish hosts of this
mussel are still not known, it will be important to monitor the fish
community to determine the host species and to confirm if mussels are
reproducing and recruiting inside the canal. All these possible man-
agement measures should be always supported by participatory pro-
cesses that include local farmers. Anyway, and despite the importance
of irrigation canals for P. marocanus, the conservation of the original
habitat remains a priority and a careful management of the water from
the Bouhlou River for traditional farming practices is fundamental. In
fact, the conservation importance of these irrigation canals (or other
anthropogenic structures) for freshwater mussels, including P. mar-
ocanus, increases as a result of growing disturbance in natural habitats.
5. Conclusion
Currently, the scientific community is focused on how humans have
been degrading freshwater ecosystems and much less attention has
been devoted to how anthropogenic infrastructures may benefit biodi-
versity (Martínez-Abraín and Jímenez, 2015). Although the present
study is geographically restricted, we recommend that future world-
wide surveys and management actions devoted to freshwater mussel
conservation have to include anthropogenic structures such as irriga-
tion canals. These artificial habitats cannot substitute natural condi-
tions, but in a context of global change their maintenance may act as an
insurance to protect some species from local extinction. Future climate
scenarios predict an increase in number and intensity of extreme cli-
matic events such as droughts in the Mediterranean region (Sousa et al.,
2016) and so, the identification of refuge habitats, as described here,
may be critical for the protection of freshwater biodiversity. According
to Chester and Robson (2013) the largest limitation to anthropogenic
habitats providing refuges for freshwater biodiversity is the lack of
recognition of their conservational value. These habitats are usually
ignored as part of water management policy and this could lead to their
omission as part of the water management (Gómez and Araujo, 2008;
Canals et al., 2011; Casas et al., 2011; Chester and Robson, 2013). In
fact, environmentally friendly management strategies to preserve bio-
diversity in irrigation systems are non-existent in Morocco, but they are
urgently needed, particularly in systems such as the one presented in
this study with a high value for the conservation of threatened species.
There are hundreds of thousands of kilometres of irrigation canals (and
similar structures) worldwide and these habitats may be important for
sustaining highly imperilled species such as P. marocanus. If managed
carefully, the irrigation canals in the Bouhlou River will constitute a
valuable refuge and will function as an insurance to the possible ex-
tinction of one of the world's 100 most threatened species in the planet.
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